Obesity is a risk factor for type 2 diabetes in cats. The risk of developing diabetes is severalfold greater for male cats than for females, even after having been neutered early in life. The purpose of this study was to investigate the role of different metabolic pathways in the regulation of endogenous glucose production (EGP) during the fasted state considering these risk factors. A triple tracer protocol using 2 H2O, [U-13 C3]propionate, and [3,4-13 C2]glucose was applied in overnight-fasted cats (12 lean and 12 obese ; equal sex distribution) fed three different diets. Compared with lean cats, obese cats had higher insulin (P Ͻ 0.001) but similar blood glucose concentrations. EGP was lower in obese cats (P Ͻ 0.001) due to lower glycogenolysis and gluconeogenesis (GNG; P Ͻ 0.03). Insulin, body mass index, and girth correlated negatively with EGP (P Ͻ 0.003). Female obese cats had ϳ1.5 times higher fluxes through phosphoenolpyruvate carboxykinase (P Ͻ 0.02) and citrate synthase (P Ͻ 0.05) than male obese cats. However, GNG was not higher because pyruvate cycling was increased 1.5-fold (P Ͻ 0.03). These results support the notion that fasted obese cats have lower hepatic EGP compared with lean cats and are still capable of maintaining fasting euglycemia, despite the well-documented existence of peripheral insulin resistance in obese cats. Our data further suggest that sex-related differences exist in the regulation of hepatic glucose metabolism in obese cats, suggesting that pyruvate cycling acts as a controlling mechanism to modulate EGP. Increased pyruvate cycling could therefore be an important factor in modulating the diabetes risk in female cats. nuclear magnetic resonance spectroscopy; diabetes mellitus; pyruvate cycling; thyroxine; polyunsaturated fatty acids OBESITY IS A SIGNIFICANT RISK FACTOR for type 2 diabetes mellitus in humans (7, 28) and cats (16, 18) . Obesity is typically associated with insulin resistance in humans (6, 27) and cats (18, 49) and can even be documented in some cats when they are still lean (49). In cats, an increase in body mass index (BMI) by ϳ50% leads to a decrease in insulin sensitivity of about 60% (16). However, like humans, not all obese cats will convert from the obese, insulin-resistant state to type 2 diabetes. In cats, the risk for obese male cats to develop diabetes mellitus is severalfold greater than that for females, even when neutered early in their lives. This might be due in part to the fact that female cats continue to oxidize more fat than males when insulin is high, indicating sex-specific differences in the insulin sensitivity of fat metabolism (18).
OBESITY IS A SIGNIFICANT RISK FACTOR for type 2 diabetes mellitus in humans (7, 28) and cats (16, 18) . Obesity is typically associated with insulin resistance in humans (6, 27) and cats (18, 49) and can even be documented in some cats when they are still lean (49) . In cats, an increase in body mass index (BMI) by ϳ50% leads to a decrease in insulin sensitivity of about 60% (16) . However, like humans, not all obese cats will convert from the obese, insulin-resistant state to type 2 diabetes. In cats, the risk for obese male cats to develop diabetes mellitus is severalfold greater than that for females, even when neutered early in their lives. This might be due in part to the fact that female cats continue to oxidize more fat than males when insulin is high, indicating sex-specific differences in the insulin sensitivity of fat metabolism (18) .
Diet has been shown to influence insulin resistance in both humans and cats. In cats, the dietary content of protein and n-3 polyunsaturated fatty acids has beneficial effects on heat production and insulin sensitivity (49) . There also is anecdotal and some scientific evidence (11) that a high-protein diet decreases insulin requirements in diabetic cats. Although we have shown that a high-protein/low-carbohydrate diet leads to an increase in energy expenditure compared with a low-protein/high-carbohydrate diet (19) , it is not known how glucose metabolism is influenced by different diets.
Studies using nuclear magnetic resonance spectroscopy (NMR) have been performed in humans (24, 25) , rats (20 -23) , and mice (3) to investigate metabolic pathways in glucose production by using a triple tracer method. By applying this method, it is possible to detect key steps in glucose metabolism noninvasively with a single blood sample using stable, nonradioactive isotopes. 13 C-labeled glucose is used to measure glucose turnover by conventional indicator dilution; deuterium is used to measure the fractional contribution of glycogen, glycerol, and the tricarboxylic acid (TCA) cycle to endogenous glucose production (EGP), and 13 C-labeled propionate is used as a gluconeogenic tracer to measure fluxes through pathways associated with the TCA cycle. We utilized this methodology to investigate the role of different metabolic pathways in the regulation of EGP in lean and obese neutered male and female cats during the fasted state.
MATERIALS AND METHODS

Animals and Diets
Twelve lean (6 female, 6 male) and twelve obese (6 female, 6 male) neutered adult purpose-bred cats were used for these studies. The age for the lean cats was 5 Ϯ 2 yr, and that for the obese cats was 7 Ϯ 1 yr (P ϭ 0.144). The obese cats had been obese for Ͼ1 yr before the beginning of the study. Obesity was originally induced by allowing ad libitum food intake, whereas lean cats were fed only the amount needed to maintain their weight. Cats were maintained at the University of Georgia College of Veterinary Medicine Animal Care Facility under approved colony conditions. They were housed individually and were given free access to water. All animal studies were approved by the University of Georgia Animal Care and Use Committee and were conducted in accordance with guidelines established by the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals were determined to be healthy based on the results of physical examination and clinical laboratory data. All cats were socialized with daily interactions. All 24 cats were on the same diet before the beginning of the study. They were then randomly allocated to one of three diets, and each cat received each of the three diets for 4 mo in a crossover design. All data were collected each time the triple tracer infusion experiment was performed, i.e., every 4 mo. The three diets included a high-protein regimen (HP), a high-carbohydrate /high-saturated fatty acid regimen (HCSAT), and a high-carbohydrate diet enriched in n-3 polyunsaturated fatty acids (HCPUFA). The diet composition (Table 1) was known to only one of the investigators (M. Waldron), who was not involved in execution of the experiments and data analyses.
Food intake was recorded at each feeding. The weight of the cats was monitored once weekly, and food intake was adjusted to maintain body weight within a narrow range. The weight of the lean cats was 3.5 Ϯ 0.5 kg before and at the end of the study. In the obese cats, it was 7.2 Ϯ 1.2 kg at the beginning and 7.1 Ϯ 1.2 kg at the end of the study, and there were no differences in weight gained or lost on any of the diets. Anthropometric measurements were taken from all cats for the determination of BMI (expressed in kg/m 2 ) and girth circumference before each infusion experiment (31, 32) . All measurements were performed by the same person to minimize variability (S. Kley).
Infusion Experiment
To allow blood sampling, catheters were placed in the jugular vein of cats 48 h before each of the infusion experiments. Catheter patency was maintained by injection of 0.5 ml of 0.38% sterile citrate flush (citric acid, trisodium salt dihydrate; Sigma-Aldrich, St. Louis, MO) every 8 h. Cats were fasted overnight and then tranquilized with tiletamine/zolazepam (2 mg per cat intravenously; Fort Dodge Animal Health, Ft. Dodge, IA). We have previously shown that telazol has no effect on glucose tolerance and insulin sensitivity (18) . A baseline blood sample (2.0 ml) was collected, and 6.0 ml/kg of a deuterium oxide ( 2 H2O, 99.9%,)-sodium propionate ([U-13 C3]propionate, 99%; Cambridge Isotopes, Andover, MA) solution (200:1) was administered via gastric tube. The cats then received a bolus intravenous infusion (3.69 mg/kg) of a 2 mg/ml solution of [3,4- 13 C2]glucose (99%; Omicron Biochemicals, South Bend, IN) in normal saline, immediately followed by a continuous intravenous infusion of 0.055 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 via the jugular vein catheter for 60 min. Another blood sample (12.0 ml) was collected at 60 min.
Validation of the NMR spectroscopy technique in cats was performed in a pilot study in four cats where triple tracer was infused for 60, 90, and 120 min to evaluated whether steady-state conditions could already be achieved at the 60-min time point. Performing the infusion experiment for 60 min instead of 90 or 120 min is superior because of practical and financial aspects of performing these stable isotope infusion experiments in larger mammals such as cats. An advantage to the validation of this technique in rats, we were able to confirm the steady-state metabolic conditions by taking multiple blood samples from each cat during infusion. We found that a primed 60-min infusion was sufficient to accurately measure EGP in cats compared with the results of primed 90-and 120-min infusion periods. EGP in cats at 90 and 120 min was 89 Ϯ 4.6 and 97 Ϯ 9.1% of the EGP at 60 min, respectively, indicating that steady state was achieved at 60 min. We also assumed isotopic steady state for the metabolism of [U-
13 C3]propionate in this study, because the results of the analysis of the multiplet pattern of carbon-2 (C2) of glucose (or monoacetone glucose, MAG) among the different time points were similar. The analysis of C2 depends solely on the multiplet pattern detected in the 13 C NMR spectrum, not on the absolute 13 C enrichment, as has been stated previously by Jin et al. (22) . These findings are similar to observations from studies in rats (21, 22) .
Sample Processing
For the collection of plasma, whole blood was placed into chilled tubes containing EDTA, and the samples were centrifuged immediately at 4°C and 890 g. Plasma samples were stored at Ϫ80°C until further processing. For analysis by NMR, plasma glucose from the 60-min postinfusion blood sample was isolated and converted to MAG as previously reported, with some minor modifications (20) . Briefly, 5.0 ml of double-distilled water (ddH2O), followed by 1.5 ml of zinc sulfate solution (ZnSO4, 0.3 N; Sigma-Aldrich) and 1.5 ml of barium hydroxide standard solution [Ba(OH)2, 0.3 N; Sigma-Aldrich], were added to each milliliter of plasma following centrifugation at 25,000 g to precipitate plasma proteins. Glucose was separated from salt and purified by passing the resulting supernatant through a column containing 30 ml of Amberlite IRA-67 anion exchange and 15 ml of Dowex 50W-X8-200 cation exchange resins (both SigmaAldrich; prepared as described in the product literature) in series. The glucose was eluted with 100 ml of water; the pH was adjusted to 6 -7 with the Amberlite anion exchange resin. The sample was freezedried, resuspended in 6.0 ml of acetone (Acetone Chromasolv for HPLC Ͼ 99.9%; Sigma-Aldrich) and 240 l of sulfuric acid (95-98%, A.C.S. reagent; Sigma-Aldrich), and stirred for 4 h at room temperature to yield diacetone glucose. The volume was then doubled by the addition of ddH2O, and the pH was adjusted to 2.0 by the addition of 1.5 M Na2CO3. This solution was stirred for 24 h before the pH was adjusted to 8.0 by the addition of more 1.5 M Na2CO3 to convert diacetone glucose into MAG. The sample was then freezedried, and the MAG was extracted by dissolving it into boiling ethyl acetate (anhydrous, 99.8%; Sigma-Aldrich). Finally, the ethyl acetate was evaporated, and the dry MAG sample was stored before NMR analysis. The conversion from glucose to MAG has been reported to HP, high-protein diet; HCSAT, high-carbohydrate/high-saturated fatty acid diet; HCPUFA, high-carbohydrate diet enriched in n-3 polyunsaturated fatty acids diet. Diet ingredients: whole chicken, poultry by-product meal, brewers rice, corn gluten meal, soybean meal (dehulled), whole corn (yellow), beef tallow, menhaden fish oil, corn bran, palatability coating, phosphoric acid, potassium chloride, mineral premix, NaCl, L-lysine, taurine, choline chloride.
give a high yield of 80% in rats (5) . It was assumed that the conversion of glucose to MAG would have a similar yield in cats, because the conversion from glucose to MAG is a chemical reaction performed on purified glucose extracted from plasma and not on whole plasma. In rats, the overall yield of glucose taken through the glucose purification process has been described as ϳ80% (13) . We found a similar yield (ϳ86%) for glucose purification from cat plasma when taking it through that same extraction process.
NMR Spectroscopy
All NMR spectra were collected using a Varian INOVA 14.1 T spectrometer (Varian Instruments, Palo Alto, CA) equipped with a 3 mm broadband probe (3-mm PFG dual broadband probe; Varian) as previously described (20) . Spectral analysis was processed using the curve-fitting program MestRe-C (MestRe-C1; Mestrelab Research, Santiago de Compostela, Spain), a personal computer-based NMR spectral analysis program.
Metabolic Analysis
Glucose turnover was estimated from the dilution of infused [3,4- 13 C2]glucose by using 13 C NMR of the MAG samples as previously described (21) . The fluxes from glycogen, glycerol, and phosphoenolpyruvate (PEP) into plasma glucose were estimated from the deuterium enrichment at positions 2, 5, and 6s (H2, H5, and H6s, respectively) based on the 2 H NMR spectra (24, 33) . 13 C NMR analysis of the multiplets of C2 of MAG yields the relative fluxes in the TCA cycle as described previously (20, 23) .
Other Assays
Glucose measurements were performed using a colorimetric glucose oxidase method (DCL, Oxford, CT). Baseline adiponectin concentrations were measured with the mouse/rat ELISA kit obtained from B-Bridge International (Sunnyvale, CA). The assay has been previously validated for use in cats (19) . Plasma insulin (15) and total thyroxine (TT4) (36) concentrations were measured as described previously, using assays validated for cats.
Statistical Analysis
All analyses were carried out using Systat 12 software (Systat, Richmond, CA) with a mixed-models analysis. When diet ϫ weight differed significantly, pairwise comparisons were made using Bonferroni adjustment of P values (Systat 12). Results were pooled when no significant differences were found among the three different diets, and the model was thus reduced to a test of weight. Linear regression analysis was used to estimate associations among continuous variables in the data set. Data are means Ϯ SD unless otherwise stated. Values of P Ͻ 0.05 were considered significant.
RESULTS
Body Weight, BMI, Girth, and Food Intake
The weight, BMI, girth, and food intake of the cats are shown in Table 2 . The data are shown for the total study period because there were no diet differences. Weight, BMI, and girth were significantly lower in lean than in obese cats (P Ͻ 0.001). Lean cats had an ϳ30% higher caloric intake (kcal/kg) than obese cats (P Ͻ 0.001).
Glucose Turnover and Metabolic Fluxes
Results from NMR analysis were available for a total of 27 lean (n ϭ 6 for diet HP, n ϭ 11 for diet HCSAT, n ϭ 10 for diet HCPUFA) and 33 obese cats (n ϭ 12 for diet HP, n ϭ 12 for diet HCSAT, n ϭ 9 for diet HCPUFA). Compared with that in obese cats, EGP was higher in lean cats and there were no diet differences (P Ͻ 0.001; Table 3 H NMR spectra of a MAG sample from a lean and an obese cat are shown in Fig. 1 . The ratio of H6s to H2 in the 2 H NMR spectra is a direct measurement of the fraction of blood glucose produced by gluconeogenesis from the TCA cycle (24) , which was, as expected, the major contributor of EGP in all of the fasted lean and obese cats (ϳ 40%). The percentage of total gluconeogenesis was almost identical between lean (62 Ϯ 16%) and obese cats (65 Ϯ 13%) and was unrelated to sex or diet, so the data were combined ( Table 3 ). The relative amount of gluconeogenesis coming from either glycerol or PEP (TCA cycle) was similar in lean (20 Ϯ 10 and 42 Ϯ 15%, respectively) and obese cats (21 Ϯ 10 and 44 Ϯ 10%, respectively), and the percentage of glycogenolysis contributing to EGP was also similar (38 Ϯ 16 and 35 Ϯ 13%, for lean and obese cats, respectively; Table 3 ). Absolute fluxes were obtained by combining the relative fluxes with the measured EGP (20) . The absolute flux from glycogen was significantly higher in lean than obese cats, and there were no diet differences within the groups, so the data were combined (Table 3) . Similarly, the absolute flux from PEP to glucose was significantly higher in lean compared with obese cats (P Ͻ 0.03; Table 3 ), and there were no diet differences, so the data were combined.
The absolute flux from glycerol to glucose was similar between lean and obese cats fed the HP diet (0.74 Ϯ 0.36 and 0.57 Ϯ 0.26, respectively, P Ͼ 0.05) but was higher in lean compared with obese cats fed either the HCSAT (0.84 Ϯ 0.41 and 0.24 Ϯ 0.1, respectively, P Ͻ 0.002) or the HCPUFA diet (0.83 Ϯ 0.42 and 0.23 Ϯ 0.12, respectively, P Ͻ 0.002).
TCA cycle and related fluxes measured by 13 C NMR analysis. The fluxes through the TCA cycle and related fluxes measured by 13 C NMR are shown in Table 3 . Analyzing the C2 multiplets (Fig. 2) of the 13 C NMR spectrum of MAG provides an estimate of fluxes through pyruvate carboxylase/phosphoenolpyruvate carboxykinase (PC/PEPCK)-and pyruvate kinase/malic enzyme (PK/ME)-mediated pyruvate exchange with TCA cycle intermediates (pyruvate cycling), as well as gluconeogenesis from the TCA cycle, all relative to citrate synthase flux. Neither weight nor diet influenced the anaplerotic/cataplerotic fluxes through PC/PEPCK, pyruvate cycling, or gluconeogenesis from the TCA cycle relative to the flux through citrate synthase (Table 3) . Combining the results of the measured EGP, fractional sources of glucose production by 2 H NMR, and TCA cycle fluxes obtained by 13 C NMR yields the absolute fluxes through multiple pathways of the TCA cycle. There were no effects of diet or weight on the absolute fluxes through PC/PEPCK, pyruvate cycling, and flux from oxaloac- Table 3 ). The only difference identified was comparing female with male obese cats, where the absolute fluxes through PC/PEPCK and citrate synthase were all significantly higher, which was consistent for all diets (Table 4) .
Other Assays
The results for plasma glucose and insulin concentrations are shown in Table 5 . There was no significant difference of plasma glucose concentrations before and after infusion in the fasted lean and obese cats (Table 5) . Lean cats had significantly lower baseline plasma insulin concentrations than obese cats (P Ͻ 0.001; Table 5 ). This was unrelated to sex or diet differences.
The TT4 concentrations were significantly lower in lean compared with obese cats (P Ͻ 0.001; Table 5 ). Adiponectin concentrations were significantly higher in lean than in obese cats (P Ͻ 0.001, Table 5 ).
Correlation Between Results of Glucose Turnover and Metabolic Fluxes With Anthropometric Measurements and Assay Results
There was a significant inverse correlation between the EGP and either girth or BMI in lean and obese cats (r 2 ϭ 0.47, P Ͻ 0.001 and r 2 ϭ 0.44, P Ͻ 0.001, respectively; Fig. 3 ). The EGP also showed a significant inverse relationship to the baseline plasma insulin concentrations (r 2 ϭ 0.34, P Ͻ 0.003; Fig. 4) . Interestingly, in addition, the TCA cycle flux was positively correlated to the PC/PEPCK flux (r 2 ϭ 0.62, P Ͻ 0.001; Fig. 5 ).
DISCUSSION
This study is the first noninvasive comprehensive analysis of glucose metabolism in cats using NMR spectroscopy in combination with a nonradioactive isotope tracer technique. We have demonstrated that EGP is unexpectedly lower in longterm obese cats compared with lean cats and shown a sex- 13 C NMR spectrum of carbon-2 resonance of MAG derived from plasma glucose. Fluxes of MAG were derived from plasma glucose from an overnight fasted obese and a lean cat, respectively, after infusion with [3,4-13 C2]glucose and oral administration of 2 H2O and [U-13 C2]propionate. The spectrum shows a doublet from coupling of carbon-1 with carbon-2 (D12), a doublet from coupling of carbon-2 with carbon-3 (D23), a doublet of doublets (quartet; Q) arising from coupling of carbon-2 with both carbon-1 and -3, and a singlet resonance (S). related difference between obese male and female cats in their TCA cycle activity and related fluxes. These results are important new information regarding glucose metabolism in cats. So far, only a few studies have examined intermediary metabolism in cats. Glucokinase (GK) activity and GK gene expression were found to be low or absent in feline liver; however, it has been shown that activities of hexokinase, fructokinase, pyruvate kinase, glucose-6-phosphate dehydrogenase, fructose-1,6-bisphosphatase, and glucose-6-phosphatase were significantly higher in cats than in dogs, who are thought to have normal GK activity (44, 47) . From these findings, it was concluded that the higher activity of hexokinases may compensate for the lack of GK in cats. It also has been proposed that cats, in contrast to other mammals, cannot adapt glucose metabolism to dietary alterations and that gluconeogenesis is always high (39) . However, the results of this study and other, more recent studies (17, 19, 40, 41) have refuted previous findings and shown that cats can adapt to variations in dietary macronutritients and regulate gluconeogenesis and EGP when necessary.
Glucose homeostasis depends mainly on coordination among ␤-cell function, glucose utilization by the peripheral tissue, and EGP by the liver and is strongly associated with fat metabolism. In the fasted state, the liver rather than the peripheral tissue is thought to be the target organ achieving glucose homeostasis (10) . The regulation of EGP by the liver is controlled by sinusoidal glucose and insulin concentrations (8, 35, 46) as well as by the liver sinusoidal glucagon-to-insulin ratio (38) . In the fasting state, plasma glucagon levels have been shown to be elevated in the presence of decreased plasma insulin concentrations, synergistically increasing hepatic EGP (1). Because in this study EGP was decreased rather than increased in the obese cats, and insulin concentrations were elevated in obese compared with lean cats, lower plasma glucagon concentrations might have been expected. We had measured glucagon concentrations in an earlier (unpublished) study in 10 lean and 10 obese fasted cats (equal sex distribution) and failed to demonstrate any significant difference in glucagon concentrations between lean and obese cats. The average glucagon concentration in that study was 79.3 Ϯ 3.4 pg/ml in the lean cats and 82.4 Ϯ 4.2 pg/ml in the obese cats (means Ϯ SE). From these former results and the fact that the obese cats had increased plasma insulin concentrations compared with the lean cats, we assumed that insulin rather than glucagon might play a more important role in decreasing EGP in obese cats.
The inhibitory effect of insulin on hepatic gluconeogenesis has been thought to be mainly mediated by insulin binding directly to insulin receptors (IRs) on the liver as well as on other peripheral tissues providing gluconeogenic substrates for EGP (i.e., muscle, adipose tissue) (8) . However, a more recent model for insulin regulating glucose metabolism proposed that insulin also binds and activates IRs in the central nervous system on agouti-related peptide (AgRP)-expression neurons, leading to the activation of hepatic IL-6, which decreases hepatic gluconeogenesis (29, 30) . Insulin suppresses hepatic glucose production (37) by reducing glycogenolysis and gluconeogenesis (8) . Both were found to be significantly decreased in obese compared with lean cats in our study, leading to an ϳ30% lower EGP in the obese cats. In the fasted state, the obese cats were hyperinsulinemic, indicated by approximately doubled baseline peripheral insulin concentrations and Fig. 3 . Relationship between endogenous glucose production (EGP) and girth in the 12 lean and 12 obese cats. no difference in glucose concentrations compared with lean cats, and there was a significant inverse correlation between plasma insulin concentration and EGP. Together, these results might be interpreted as strong evidence that in the fasting state, insulin is still the main controller of hepatic EGP in obese cats. The results suggest that the liver of obese cats is still insulin sensitive and that hepatic autoregulation is intact despite the fact that peripheral insulin resistance and impaired glucose clearance have been well documented in obese cats (16 -19) . The decreased EGP in obese cats might be a compensatory mechanism and could explain the fact that baseline glucose concentrations and glycosylated hemoglobin concentrations remain normal and that impaired fasting glucose is not evident in obese cats despite decreased expression of insulin-dependent GLUT4 in muscle and decreased glucose clearance during intravenous glucose tolerance testing (2) . This is in contrast to humans, where obese individuals with normal fasting glucose but impaired glucose tolerance show less suppressed EGP during high insulin concentrations compared with healthy subjects (48) , implying that hepatic insulin resistance is already present in obese humans even when fasting glucose concentrations are still normal.
A limitation of the study is that it was only performed in the fasted state and that peripheral insulin resistance was not tested with the euglycemic hyperinsulinemic clamps (EHC). However, we have performed EHC in obese cats before, and all showed peripheral insulin resistance. In fact, we calculated that insulin sensitivity decreases by ϳ30% for every kilogram of weight gain (17) (18) (19) . When the results of these previous studies were compared, no differences between insulin sensitivity (S I ) were shown among the studies, and S I in obese cats on average was ϳ30% of the value in lean cats. We also found lower adiponectin levels in the obese compared with lean cats and demonstrated in an earlier study that adiponectin levels are positively correlated with insulin sensitivity (19) as also has been shown in humans (43) .
Gluconeogenesis is mainly dependent on supply from glycerol, gluconeogenic amino acids, pyruvate, and lactate and is promoted by hepatic fat oxidation (50) . Gluconeogenesis and fluxes through PEPCK have been shown to be impaired when hepatic TCA cycle activity (i.e., fat oxidation) is decreased (4), whereas induction of hepatic fat oxidation has been shown to stimulate hepatic gluconeogenesis (42) , indicating an important link between both processes. In agreement with these findings, we demonstrated in this study that, in cats, fluxes through PC/PEPCK are strongly linked to TCA cycle activity. During fasting, ␤-oxidation will produce a large amount of acetyl-CoA, which stimulates pyruvate carboxylase (PC) and citrate synthase and at the same time inhibits pyruvate dehydrogenase (PDH), thereby favoring the gluconeogenic pathway (9) . It is conceivable that fluxes through PC/PEPCK are actually regulated by PC activity, and this might explain why PC/PEPCK fluxes are so tightly correlated to TCA fluxes, since both PC and citrate synthase activities are controlled by acetylCoA levels (45) . Although we did not find that hepatic TCA cycle fluxes were impaired in fasted obese compared with lean cats, we did find that the absolute gluconeogenic fluxes from glycerol to glucose were lower in obese compared with lean cats when fed a diet high in carbohydrates and fat, suggesting diet-dependent alteration in fat metabolism in obese cats. This was not seen when cats were fed the HP diet, likely because more gluconeogenic amino acids were available in the fasting state, sparing fat/glycerol mobilization. Glycerol mobilization is dependent on the activity of hepatic glycerol kinase and glycerol 3-phosphate dehydrogenase, as well as peroxisome proliferator-activated receptor-␣ (PPAR␣) (34) . PPAR␣ stimulates fatty acid oxidation and ketogenesis (34) and increases the gluconeogenic flux from glycerol to glucose (42) . Obese cats have lower PPAR␣ expression levels in adipose tissue compared with lean cats, but this has not been examined in liver tissue (14) . Lower hepatic PPAR␣ activities could be in part responsible for the decreased gluconeogenic flux from glycerol seen in the obese cats. Decreased PPAR␣ levels would also lead to increased free fatty acids. Although nonesterified fatty acid (NEFA) concentrations were not measured at the same time as glucose fluxes were measured, baseline NEFA concentrations were found to be higher in the same obese cats compared with the lean cats despite significantly higher plasma insulin concentrations when lipid profiles were measured after 2 mo on the same diets (26) .
Sex-related differences in glucose and fat metabolism have been documented in obese cats: female obese cats have been reported to have reduced glucose oxidation, glycogenesis, and lipogenesis during EHC compared with lean and male obese cats (18) . Interestingly, we found in our study that female obese cats had ϳ1.5 times higher fluxes through PC/PEPCK and citrate synthase accompanied by a 1.5-fold increased pyruvate cycling compared with male obese cats. This suggests that the hepatic TCA cycle (i.e., fat oxidation) is significantly more active in female obese than male obese cats but does not increase EGP from gluconeogenesis, because pyruvate cycling acts as a controlling mechanism to regulate EGP. Pyruvate cycling has previously been described as a "futile cycle" through OAA 3 PEP 3 pyruvate 3 OAA or from malate 3 pyruvate 3 OAA 3 malate (12, 23) . The cycle may indeed not be futile, because increased pyruvate cycling with higher fluxes through PEPCK and TCA cycle fluxes has been reported in fasted Diabetic Zucker (fa/fa) rats and has been suggested to act as a controller in modulating gluconeogenesis from the level of the TCA cycle whenever glucose is available via glycogenolysis (22) . It might be hypothesized that female obese cats are able to compensate their overnutrition state by enhancing PEPCK and TCA fluxes as well as "futile" pyruvate cycling. This would decrease hepatic oxidative stress and permit greater fatty acid oxidation and could be a protective mechanism for female obese cats against the development of diabetes mellitus. Because these animals were neutered at an early age, it also suggests that sex differences are programmed very early in life.
In this study, weight was strictly controlled to avoid influences of changes in weight on metabolic parameters. Diet did not seem to have a significant impact on glucose metabolism in lean and obese cats. There were no diet differences in caloric intake during the study period, likely because all three diets were isocaloric. The diet differences also were not extreme. Long-term obese cats had an ϳ30% lower food intake (kcal/ kg) than lean cats to maintain their body weight through the study. This might be explained by the fact that obese cats have significantly lower heat production per metabolic size (18, 19) .
In conclusion, we have demonstrated that long-term obese cats have a lower fasting EGP compared with lean cats. These results might explain in part why long-term obese cats are still able to maintain normal baseline glucose concentrations and glycosylated hemoglobin concentrations despite the fact that they show peripheral insulin resistance and decreased glucose clearance. Our data further suggest that sex-related differences exist in the regulation of hepatic glucose metabolism in longterm obese cats, suggesting that pyruvate cycling acts as a controlling mechanism to modulate EGP in females, which could be an important factor in the decreased risk of female obese cats to progress to diabetes.
Perspectives and Significance
This study demonstrated that a triple tracer infusion technique in combination with NMR analysis is a useful noninvasive tool to analyze glucose metabolism in cats. We were able to demonstrate with this study that certain metabolic events are still normal even in long-term obese cats, allowing them to maintain euglycemia, and that upregulation of certain futile cycles may explain in part the sex difference in the risk of developing diabetes that is seen in male cats. The cat could provide an excellent model to further examine differences in metabolic pathways responsible for the progression from the obese nondiabetic to the obese diabetic state.
